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SUMMARY 

The  low-speed  longitudinal  stability  characteristics  of a 45O swept- 
back w i n g  of  aspect  ratio 8 havfng twist and canibered  airfoil  sections 
were  investigated  by  means of force  and  pressure-distribution  measure- 
ments  at  Reynolds  numbers  from 1.5 x lo6 to 4.8 x 106 in the  Langley 
19-foot  pressure  tunnel.  TLe  effects  of  Reynolds  number,  leading-edge 
roughness,  upper-surface  fences,  and  leading-edge  and  trailir&-edge 
flaps  have  been  determined.  The  results  obtained  on  the  twisted and 
cambered  wing  have  been  compared  with  the  results  obtained on a similar 
untwisted wing having  symmetrical  airfoil  sections of the same  thickness 
distribution. The experimental  pressure-distribution  loadings  have  been 
compared t.o calculated loadings. 

A comparison  of  the  twisted and canibered  wing with the  untwisted 
and uncambered w i n g  indicates  that  the  camber and twist  improved  the 
stability  characteristics i n  the lift-coefficient range From 0.25 to 0.7. 
Twist  and  camber  increased  the maximum lift  coefficient  from 1.01 to 1.30 
at  angles of attack  of 2oo and 270, respectively.  Upper-surface  fences 
substantially  improved  the  stability  characteristics of both w i n g s  by 
improving  the  stalling  characteristics  of  the  outboard  sections  of  the 
w i n g .  The twisted  and  cambered  wing in conjunction  with  the  upper- 
surface  fences,  hawever,  had  considerably  better  stability  character- 
istics  at maximum lift. This improvement in stability has been shown 
(NACA RM: L52JO3)  to  be  particularly  effective  when a properly  located 
horizontal  tail is used  in  conjunction  with  fences on the  twisted and 
cambered  wing. 

r 

The  load distributions calculated by the  Multhopp  solutions  having 
either 15 or 23 spaswise  control  points  were in good  agreement  with  the 

;;i experimental load distributions. 
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INTRODUCTION 

NACA RM L52J03a 

In order  to  provide  .information  with which to  evaluate sweptback 
wings for   use on long-range  high-speed airplanes, the low-speed longi- 
tud ina l   s tab i l i ty   charac te r i s t ics  of two 450 sweptback wings of aspect 
r a t i o  8 have been investigated  in  the Langley  19-foot  pressure  tunnel. 
The first wing incorporated NACA 6 3 1 A O E  a i r fo i l   s ec t ions  and no geo- 
metric  twfst; whereas the  second wing incorporated  tKist and camber t o  
provide a uniform  chordwise loadlng and an e l l i p t i c a l  span loading a t  
a l i f t ' coe f f i c i en t  of 0.7 f o r  a Mach nuniber of 0.9. The r e su l t s  of the 
investigation of the  untwisted and uncambered wing are presented in 
references 1 t o  3 while  the  longitudinal  characterist ics of the  twisted 
and cambered wing as determined from force tests are  presented  in  refer- 
ences 4 and 5. The present  paper-includes  the  results of pressure- 
dis t r ibut ion measurements on the  twisted and canibered wing t o  determine 
in more detai l   than i s  available from force tests the effects  of Reynolds 
number, leading-edge  roughness,  upper-surface  fences, and leading-edge 
and trail ing-edge  f laps.  A comparison is made between the  resul ts  
obtained on the  twisted  and cambered wing and the  results  obtained on 
the  untwisted and uncambered wing. 

The spanwise load  distributions  calculated by methods f ref s. 6 
and 7) of determining  the  loading  of sweptback  wings  have  been compared 
with the loadings  obtained from the  pressure  distributions. 

The magority of t he   t e s t s  were made a t  a Reynolds number of 4.0 X 106 Y 

and a Mach  number of 0.19. The effects  of Reynolds number were obtained 
from force t e s t s  a t  Reynolds numbers f r o m  1.5 X 10 6 to 4.8 .x lo6 on the 
plain twisted and cambered wing. Pressure  distributions were obtained 
a t  Reynolds numbers of 1.5 X lo6 and 4.0 X lo6 on the  twisted and 
cambered wing. 

SYMBOLS 

The data are   re fe r red   to  the wind axes  with the o r i g i n   a t   t h e  pro- 
Section  of  the  quarter-chord  point of  the mean aerodynamic chord on the 
plane  of symmetry. The force and pressure-distribution data have  been 
reduced t o  nondimensional coefficient form as follows: 

CL l i f t  coefficient,  - 
qs, 
L 

C l  section l i f t  cuef l ic ient  



2b sectfon  lift  coefficient  due  to  stream  misalinement 

C za section  lift-curve slope 

CD drag coefficient, - qs, 
D 

‘d section  pressure  drag  coefficient 

CLU pitching-moment  coefficient, - M 
qswc 

cmo pitching-moment  coefficient at zero lift 

cm section  pitching-moment  coefficient  about  local  quarter-chord 
point 

L lift, lb 

D drag, lb 

M pitching  moment  about  0.25c’, ft- lb 

H free-streain  total  pressure, lb/eq ft 

s, wing  area  (based on untwisted  plan  form) , sq  ft 

L 
S pressure  coefficient, - E - P  

9 
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R Reynolds number, - pvc ' 
cr 

free-stream  velocity,  ft/sec v 

angle of  attack of root-chord  line,  deg a 

angle of attack at zero  lift, deg 

section  angle of attack due to stream  misalinement, deg 

angle  of  twist  measured  with  respect  to  root-chord  line, 
washout is minus, deg 

density of air, slugs/cu ft 

coefficient  of  viscosity,  sluge/ft-sec 

mean  line 

wing span, ft 

local  wing  chord  parallel to plane of symmetry,  ft 

' c' mean aerodynamic  chord, C%y, ft 

mean  chord, - ft s, 
b' ii 

local  static  pressure, lb/sq ft P 

dynamic  pressure, PV 1 2  , lb/sq ft 
I q  

local  section maximum thickness, ft 

I 
X distance along section  chord  line  measured  from  local  leading 

edge parallel  to  plane of symmetry (rearward  positive), ft 

X 
- locatfon of section  chordwise  center of pressure  measured from 

section  quarter-chord  point  (rearward  positive), ft 

lateral  distance  from  plane of symmetry measured perpendicular 
to plane of symmetry, ft 1 

Y 

Y 
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vert ical   ordinate  of a ~ f o i l  section measured from and  perpen- 
dicular t o  chord l ine  (posi t ive up),  f t  

v e r t i c a l  ordinate of mean  camber l i n e  measured from and 
perpendicular t o  chord l ine   (pos i t ive  up), f t  

location of sect ion  ver t ical   center  of pressure measured 
perpendicular t o  chord l ine  (posi t ive up), ft  

la te ra l   d i s tance  measured from and perpendicular t o  plane of 
symmetry t o  wing center of pressure, f t  

wing l if t-curve  slope 

r a t e  of change of pitching moment with  angle of a t tack  

rate of change of pitching moment with lift coefficient 
* 

Subscripts : 

U upper surface 

2 lower surface 

f forward of maximum thickness 

r rearward of maxirmrm t h i c h e s s  

Terminology 

In  the  discussion  that  follows,  the wing without twist and camber 
will be  referred t o  as the plane wing; whereas the  usage of the  word 
"phin"  re fers  t o  e i the r  wing without  high-lift and s tan-control   devices  
deflected. 

The model had an aspect   ra t io  of  8.02, a t aper   ra t io  of 0.45, and 
45O sweepback of the quarter-chord  line  before  incorporating twist about 
the 0 . 8 0 ~   l i n e  (fpig. 1). The a i r fo i l .  sect ions  paral le l  t o  the  plane of 
symmetry were of the NACA 6 3 1 ~ 0 ~  thiclmess  distribution  about a slightly 
modified NACA a = 1.0 mean l i n e  having the  desired des ign  section lift 
coefficient (camber).  Figure 2 presents the spanwise dis t r ibut ion o f  
twist and design l i f t  coefficient  incorporated  into  the w i n g .  The sec- 
t i on  meas  camber Une was obtained by multiplying  the  design lift 
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coefficient by the  ordinates of the camber l i n e   f o r  a design lift coef- 
f i c i en t  of 1.0 ( tab le  I). Additional  details o f  the  design of the wing 
may be found in  reference 4. 

The model was constructed of a steel core  covered  with  approxi- 
mately a 1/8-inch layer of  an a l loy  of bismuth and tin. The l e f t  semi- 
span of the  model was equipped  with 215 orifices  f lush  with  the  surface 
of tkie wing dis t r ibuted chordwise on the upper and lower surface a t  
eight  spanwise s ta t ions as indicated  in figure 1. Table II presents 
the  a i r foi l   ordinates  a t  the  various  orifice  locations. The tubing 
from the  or i f ices  w a s  conducted  through the bismuth  and tin layer  and 
brought  out on t h e  lower surface of the  right-hand wing panel  approxi- 
mately 20 percent of the semispan out from the wing root. The tubes 
were then conducted  rearward through a pipe fixed to   t he  wing para l le l  
to  the  plane of symmetry and then down through a fair ing  to   the  outs ide 
of the  tunnel  to  multitube manometers. The pressures- on the lower sur- 
f ace   a t   s t a t ion  2y/b = 0.03 and x/c equal 0.35 and 0.65 were meas- 
ured by means of a static-pressure  survey  tube  located  about  0.004~ 
from the wing surface. The pressures  indfcated in the manometers were 
simultaneously  recorded  photographically. The tube-conductfng  pipe was 
replaced  by a f lush cover plate   for   the  force tests. 

Figures 3 and 4 present  photographs of the model as   ins ta l led  i n  
the wind tunnel  for  force and pressure-distribution tests, respectively. 

The upper-surface  fences were ins ta l led  as indicated  in  f igure 5.  
The fences were constructed of 1/16-inch-thick  sheet steel and were 
attached  to  the model paral le l   to   the  plane of symmetry.  The attach- 
ment brackets were made a s  small as was feas ib le   to  minimize their 
interference  with  the  air  stream. 

The trailing-edge  flaps were spl i t  flaps having a chord  equal t o  
20 percent of the  local  w i n g  chord i n  the  undeflected  position and were 
d e f l e ~ t e d . 5 2 ~  from the  local  chord l ine   para l le l   to   the   p lane  of sym- 
metry. The trailing-edge f h p s  extended  over  the  inboard semispan of 
the wing with  the  &-percent-chord  line as the hinge axis. 

The leading-edge  flaps had a span equal t o  0.45b/2 extending from 
0.523/2 to 0.9i”jb/2. The f laps  were deflected 47.5O from the  plane 
formed by the  root-chord l i n e  and the t w i s t  axis of the wing (80-percept- 
chord l ine) .   Further   detai ls  of the f laps  may be found i n  figure 5. 
Although it i s  not shown in  f igure 5,  pressure  orifices were distributed 
on both  leading- and trail ing-edge  f laps  along  l ines  parallel  to the air 
stream and a t  spanwise stations  corresponding t o  the or i f ice   s ta t ions  on 
the  plafn wing. 

Leading-edge  roughness consisted of No. 60 (0.011-inch-diameter) 
casborundm  grains  applied t o  a thin  coating of shellac on 0.08  chord 

I 
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of the  leading edge of  the wing measured  along  the  periphery of the 
upper and lower surfaces. 

The  model  was  tested  in  the  langley  19-foot  pressure  tunnel w i t h  
the  air  compressed to approximately 33 poun3s per  square  inch  absolute 
pressure.  Lift, drag, and  pitching-moment data were  Obtained  from  force 
tests  and  pressure  distributions  through an angle-of-attack  range  from 
-3.5O to 31° based on the  -angle  of  attack of the  root-chord  line. The 
force  tests on the  plain  wing  were  conducted through a Reynolds  number 
range  with a corresponding Mach  number  range as follows: 

Reynolds  numrber I I Mach number 

1.5 x lo6 
2.2 
3 -0 
4.0 
4.8 

Pressure-distribution  data  were  obtained  at  Reynolds  numbers of 
.L 1.5 x 10 and 4.0 x 10 on the  plain  wing  and  at a Reynolds  number of 

4.0 x El6 for  the  configurations having fences,  flaps, +d leading-edge 
roughness. 

6 6 

CORRECTIONS TO DATA 

The  lift,  drag,  and  pitching-moment data obtained by force  tests 
have  been  corrected for the m o d e l  support &e and interference  effects. 
The angle of attack  and  the  drag and pitching-moment  coefficients 
obtained  from the force  and  pressure-distribution  measurements  have 
been  corrected  for  Jet-boundary  effects  as  applied to the  untwisted and 
uncambered  wing €n reference 1 and are as follow: 

ncD = 0.0063~~2 

Y 

ACm = 0 .0035cL 
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As pointed  out in reference 1, there was a spanwise varlation of 
the  air-stream flow angle in  the  region occupied by the model which 
produced the  equivalent of a basic  loading  along  the span  of the model. 
Since  the model of  reference 1 had symmetrical  sections, it was possible 
to  obtain  the magnitude of this  air-stream misalinement by  assuming the 
inaccuracies of  model construction to be small. For the model of these 
tests, the  basic  loading  contributed by the camber and twist prohibited 
the  isolat ion of the  basic  loading due t o  air-stream angle. To account 
i n   p a r t   f o r   t h i s  spanwise variation of air stream, the  section l i f t  and 
pitching-moment data have been corrected by using  the spanwise variation 
i n  air-stream  angle  obtained by tunnel  survey  with  the model  removed 
( f ig .  6). (The method of obtaining  the  values of air-stream angle is - 

discussed  in  ref.  1. ) The basic lfft dis t r ibut ion was obtained  by 
multiplying  these  angles by the  slopes of the  section l i f t  curves 
obtained from the  pressure measurements and i s  presented  in  figure 6. 
These values of basic  loading were subtracted a t  a l l  angles of a t tack  
from the l i f t  coefficient  obtained by the  integration of the chor3wise 
pressure-distribution data. No attempt was made to correct  the indi- 
vidual  pressure  coefficients  for  air-stream  variations. 

No corrections were applied  to  take  into  account spanwise vari- 
ations of the jet-boundary-induced  angle or  the model twist due to   aem-  
dynamic loading. 

PRESENTATION OF DATA 

Pressure-coefficient data obtained on the  plain  twisted and cambered 
wing through the angle-of-attack  range a t  a Reynolds number of 4.0 X Lo 
are tabulated  in   table  111. Figures 7 and 8 present  the  force  data 
obtained on the  plain wing through the Reynolds nunber range  and on the 
wing with  fences and wing with roughness a t  a Reynolds number of 4.0 X lo6* 
Chordwise pressure  dlstributions are presented  in figure 9 f o r  a repre- 
sentative number of angles of a t tack  for   the  plain wing, wing with  fences, 
and wing with  leading-edge  roughness. An omitted symbol indicates that 
data are not  available for the  configuration at that  particular  angle of 
attack. Figures 10 t o  13 present  the  section lift, pitching-moment,  and 
drag  coefficients and centers of pressure obta3ned from the  integrated 
chordwise pressure  data  for  the  plain w i n g ,  wing with  fences, and wing 
with  roughness. The s ta l l ing   charac te r i s t ics  of the wing may be  evalu- 
a ted from the tuft studies  presented  in  figure 14. Figure 15 presents 
the spanwise dis t r ibut ion of l i f t ,  pitching-moment,  and drag  loading 
parameters for   the   p la in  wing through the  angle-of-attack  range a t  a 
Reynolds number of 4.0 X lo6. The spanwise dis t r ibut ion of lift a t  a 
Reynolds number of 4.0 x lo6 and 1.5 x 10 6 for   the  wing with  fences and 
wing with roughness for  seve.ral  representative  angles of a t tack are 

6 



NACA RM L52J03a - 9 2H 

4 

3 

compared i n  figure 16 whereas figure 17 presents the variation of the  
spamise  center of pressure w i t h  angle of attack. A comparison of  the 
force  and  pressure-distribution results obtained on the  twisted and 
cambered wing with the results obtained on a w i n g  having a similar plan 
form with  untwisted,  symmetrical  sections (ref. 1) is  presented  in fig- 
ures 18 and 19. The e f f ec t  of f laps  and upper-sflace  fences on the  
two wings is  presented in  figures 20 to 23. A camparison of  the  experf- 
mental span  loadings  with the loadings calculated by the methods of 
Weissinger and Multhopp (refs. 6 and 7) is  presented i n  figures 24 
t o  26. 

TWISTED AMD CAMBHiED WING 

L i f t  and Pitching-Moment Characteristics 

Plain wing (R = 4.0 X 106) .- The results of  the force tests on the 
twisted and cambered w i n g  (fig. 7) show that  the wing longitudinal sta- 
b i l i t y  and lift-curve slope were nearly  constant up t o  a lift coefficient 
of  approximately 0.7 and a corresponding  angle of a t tack  of loo. With a 
further  increase  in  angle of attack, the pitching moment became unstable 
and the   1 i f t . increased  a t  a much lower rate. The section l i f t  data 
(fig. 10) obtained from t h e   i n t e r n t i o n  of the preesure  distributions 
indicate that this loss of  s t a b i l i t y  and lower lift-curve  slope is  a 
result of a loss i n  l i f t  effectiveness over the midsemispan of the wing 
which chordwise pressure.   distributions  (figs.  9( i) to g(n) ) indicate to 
be a r e su l t  of trafling-edge  separation  occurring on the midsemispan 
sections of the wing and which spread outboard and forward w l t h  fur ther  
increases  in  angle of attack. The stations  near  the wing root have  only 
a slight  decrease  "lift-curve  slope  through the angle-of-attack range. 

The contribution of the various sections to the total wing pitching 
moment is indicated i n  figure l l ( c )  which presents  the  section  pitching- 

moment loading  parameter ( cmct $ .> plotted against  wing lift coefficient.  

The contribution of the outboard  sections t o  the stabil izing  (negative) 
pitching moment decreases  sharply above a lift coefffcient of 0.8 while 
the destabil izing  (posit ive) pitching-moment contribution  of  the  inboard 
sections  increases at a greater rate w i t h  increase of  l i f t  coefficient.  
Actually  these  trends may be a t t r ibu ted   t o   t he  fact that the wing l i f t -  
curve  slope is  reduced above CL = 0.8 and this  reduction is  ref lected 
i n  any  plots against wing lift coefficient. When the pitching-moment 
loading  parameter is  plotted  against  angle of a t tack  ( f ig .  E ( b ) ) ,  how- 
ever, the  contribution of the inboard  stations to t he  wing pitching 
moment increases at an approximately  constant rate throughout  the angle- 
of-attack  range. Thus, it can be seen that the  adverse pitching-moment 

i 
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characteristics  of  the  wing  are  wholly  due  to  changes  over  the  tip 
sections  of  the  wing  and  the  resulting  redistribution  of  load.  That 
these  adverse  effects  are  due  primarily  to a loss in  lift  effectiveness 
is  further  borne  out  by  figure  ll(b)  which  indicates  that  the  section 
pitching-moment  Coefficients  about  the  local  section  quarter-chord  point 
were  almost  always  negative  (stabilizing).  The  large  movement  of  the 
section  chordwise'  centers  of.pressure  indicated  in  figure  ll(b)  and  in 
figure =(a) can  be shown to  have only a small effect on the  contri- 
bution  of  the  section  to  the  wing  pitching  moment.  Similarly,  the  move- 
ment  of  the  section  vertical  centers  of  pressure  (fig.  13(b))  has  lfttle 
effect  on  stability.  (The  discontinuities in the  center-of-pressure 
curves  occur  in  the  region of zero  force  where  the  centers  of  pressure 
tend  toward  infinite  values. ) 

At maximum lift (& = 1.30) the  pitching  moment  broke  in a stable 
direction  which  resulted  from a sudden  increase  in  lift  over  the  tip 
sections  of  the  wing and a loss inboard  at  2y/b = 0.30 as  shown by 
the  section  lift  curves  (fig. 10). The  chordwise  pressure-distribution 
plots of f i w e  9 (see  figs. g(k) to 9(n)) indicate  these  lift  changes 
to result  from a broadening of the  pressure  distribution  over  the rear 
part  of  the  tip  sections  at the high  angles of attack. 

Effect  of  Reynolds  number.-  The  effects of Reynolds  number on the 
over-all  wing-lift  and  pitching-moment  characteristics  are  indicated in 
the  force  and  pressure-distribution  results  presented  in  figures 7, 9, 
10, and 12. At  negative  values  of  wing  lift  coefficient,  the  force and 
pressure-distribution  data  indicate  that  separation  occurs  on  the  out- 
board  lower  surface of the wing  and is particularly  predominant  at the 
lower Reynolds  number (1.5 x 106) . The  separation  from  the  lower  sur- 
face  can  be  attributed to the  large  amount of camber and twist  incorpo- 
rated  into  the  wing.  Two-dimensional  tests  of  an MACA 64-series  section 
having 0.8 camber  (ref. 8) indicate similar effects  of  flow  separation 
occurring  on  the  lower  surface  at law angles  of  attack. 

In the law positive  lift  range, (CL = 0 to 0.3) the  force-test 
results  indicate that the  lower  Reynolds  number (1.5 X lo4) resulted 
in  increased  longitudinal  stability  over  that  obtained  at a Reynolds 
number  of 4.0 X lo6. The  chordwise  pressure  dfstributions  (fig. 9 )  
indicate  these  effects  to be  a result of slightly  higher  upper-surface 
pressure  coefficients  over  the  outboard  stations  at  the low Reynolds 
number  at low and  moderate  angles of attack  which  results  in a greater 
lift  effectiveness on the  outboard  stations of the  wing  (fig. 10). As 
was  the  case  at  the  negative  lift  coefficients,  these  effects  appear to 
be a continued  effect  of  the  large amount of camber i n  conjunction  with 
the  twist  inasmuch as 'no such  effects  were  noted  in  the  tests  of an 
uncambered  and  untwisted  wing of similar plan form  (ref. 1) . 
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An increase i n  Reynolds number resu l ted   in  mre nearly  l inear  
pitching-moment curves  through  the low and moderate l i f t  range t o  
approximately Q = 0.7 ( f ig .  7) . Above = 0.7, the   s t a l l i ng  char- 
ac t e r i s t i c s  of  the wing w e r e  sa adverse  that little significant improve- 
ment i n   t h e   s t a b i l i t y   w i t h  an increase i n  Reynolds number can be  noted. 

A t  the  highest  force-test Reynolds number (4.8 x lo6) , there  i s  an 
indication that a fur ther  slight gain i n  maximum lift might possibly  be 
obtained by extending the angle  of  attack  or  increasing  the Reynolds 
number. A t  the higher  angles of attack, the  chordwise pressure  dis t r i -  
butions  (figs. 9 ( 2 )  t o  9(n))  show peak pressures  remaining on the  out- 
board  leading edge of the wing a t  EL Reynolds nmber of 4.0 X 10 6 and, 
a t  a Reynolds number of 1.5 x lo6, completely  separated f low occurring 
over  the  outboard  sections. In the  angle-of-attack  range i n  which the  
adverse lift and pitching-moment character is t ics  occur, t he  chordwise 
pressure diagrams (figs.  g(g) t o  g(k))  indicate little signif icant  dif- 
ference in the  pressure  gradients at  the two test Reynolds numbers 
(1.5 x lo6 and 4.0 x lo6). It appears open t o  considerable  conjecture 
from the  available  data,  therefore, whether a further increase  in 
Reynolds number would o r  would not result i n  a substant ia l  jmprovement 
i n  the l i f t  and  pitching-moment character is t ics .  

Effect of leading-edge  roughness.- The force tests of the wing at 
a Reynolds nmber of  4.0 x lo6 with  roughness added t o  the leading edge 
indicate an appreciable  effect of roughness on the l i f t  and pitching- 
moment Characterist ics  (f ig.  8). With  roughness the wing has a reduced 
l if t-curve slope above a lift coefficient of 0.3, considerable var ia t ion 
i n   s t a b i l i t y  in the low l i f t  range,  an  unstable b r e d   i n   t h e   p i t c h i n g -  
moment curve  occurring a t  CL = 0.5 as compared t o  CL = 0.7 for the  
smooth  wing, and a decrease i n  maximum l i f t  coefficient from 1.30 t o  
1.18. The section l i f t  curves  presented in figure I-0 indicate tha t   the  
e f fec ts  of roughness result primarily from l i f t  changes over the out- 
board stations.  The inboard s t a t ions  showed little e f fec t  of roughness 
on the   sect ion  character is t ics  up t o  an angle of at tack of  appzoxi- 
mately 220. A t  higher  angles of attack, roughness  caused  an;.increase 
in lift on the  inboard  stations (2y/b = 0 and 2y/b = 0.3) which the 
chordwise dis t r ibut ions show t o  be a result of  the  broadening of the 
pressure  distribution  over  the  rear  part of the  section  (figs.  g(m) 
and 9(n)) .  A t  the high angles of a t tack and a t  ne-tive angles of 
a t tack,   the  chordwise pressure  distrfbution  obtained on the w i n g  with 
roughness a t  a Reynolds number of 4.0 x lo6 is  similar to  the  pressure 
distributions  obtained a t  the same angles of a t tack on the smooth wing 
a t  the low Reynolds nmber (1.5 x 106) . 

1 Effect of  fences.-  Force tests of the wing w i t h  various stall- 
control  devices which were presented  in  reference 4 show that ,  as i n  

J 
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the  case of the  untwisted and uncambered wing (ref. 2), very  appreci- 
able improvements i n   t h e  l i f t  and pitching-moment characteristics  could 
be  obtained by ins ta l l ing  chordwise fences on the upper surface of the 
wing (see  f ig .  5 ) .  Force-test results of the  twisted and cambered wing 
with  fences  located a t  0.45, 0.70, and 0.89b/2 are presented  in  f ig- 
ure 8. Pressure  distributions  obtained  with  this  fence  arrangement 
show considerable improvement i n  the chordwise  loading  over the  outboard 
s ta t ions of the  twisted and cambered wing a t  angles of  a t tack above the 
angle a t  which the first indication of trailing-edge  separation on the 
upper surface  appears on the  plain wing ( f igs .  9( h) t o  9( n) ) . The 
improved chordwise loading  reduced  the movement of the  centers of pres- 
sure of the  outboard  sections  throughout  the moderate and upper  angle- 
of-attack  range  (fig.  l3(a)) and extended  the  section l i f t  curves up t o  
m a x i m u m  lift of the wing ( f ig .  10) . The smaller improvement at 0.90b/2 
re lat ive  to   that   obtained  a t   the   other   outboard  s ta t ions can probably 
be  a t t r ibuted  to  a local ized  effect  of the  fence a t  0.89b/2 on the  pres- 
sure  coefficient on both  the upper  and  lower surfaces of the wing a t  
0.90b/2 (see  f igs .  9( j) to   g (n ) ) .  

Drag Characterist ics 

The section drag character is t ics  of  the  twisted and cambered w i n g  
( f ig .  l l ( d ) )  were obtained from the  integration o f  the  pressure  distri-  
butions and do not  include  the  drag  forces due to   f r ic t iona l   forces .  
The data of figure 11( d) indicate  the  rapid  increase i n  pressure  drag 
over  the  root  sections  with an increase  in l i f t  which appears t o  be 
character is t ic  of sweptback  wings (e.g.,  ref. 1). This  drag is of fse t  
somewhat by forward thrust  produced  over the  t ip   sect ions throughout a 
considerable  portion of the lift range. A t  the outermost t i p   s t a t ion  
(0.96b/2) for  instance,  a thrust force is  maintained from a wing lift 
coefficient of approximately 0.15 t o  approximately 1.08. T h i s  range 
extends from the  angle of a t t a c k   a t  which separation from the lower 
surface i s  eliminated  (approx. a = 1.70) t o  an  angle of attack of eo 
which is well beyond the  angle of loo a t  which the wing l i f t  and 
pitching moment a re  'first affected by trsiling-edge  separation. The 
reduction of suction  pressures  over  the  rear  part of the  section due t o  
the  trailing-edge  separation would be  expected t o  be beneficial  f r o m  a 
pressure-drag  standpoint.. A compvison o f  the chordlwise pressure dis- 
t r ibut ions  ( f igs .  9( g) t o  9(n) ) with  the  pressure-drag  curves  (fig. ll( d) 
indicates that it i s  not   un t i l  the trailing-edge  separation  has moved 
forward  of  the  point of maximum thickness (0 .  bx/c)  that the  pressure 
drag becomes positive  over  the  tip  sections. On the  root  sections,  the 
lack of peak suction  pressures  over  the  forward  part of  the  section and 
large  suction  pressures  over  the  rear  part of the  section  contribute t o  
the  large  values o f  pressure  drag. The forward inclination of the sec- 
t i o n  normal-force  vectors due t o   t he  wing twist is  also a large  contrib- 
u t ing   fac tor   to   the  low pressure-drag forces over the   t ip   s ta t ions  as . 

compared to  those a t  the  root. 
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Stal l ing  Character is t ics  
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Plain wing.- The spread of trailing-edge  separation outward  over  the 
t i p   s t a t ions ,  as previously  indicated,  apparently  effects  the spanwise 
pressure gradient and  produces the  beneficial  effect on the  chordwise 
pressure-distribution  gradient a t  the O.IOb/2 and 0.30b/2 stat ions.  This 
resulted in an appreciable improvement in  lift over  station 2y/b = 0.30 
(fig. 10) after the initial tendency of  the l i f t  curve at tha t   s ta t ion  
t o   l e v e l  o f f  in a manner similar to the outboard  stations. A t  an angle 
of  a t tack of Eo, there was  a small  localized  bubble  defined by the 
pressure diagram near  the trailing edge of the 0.30b/2 s t a t ion  which 
remained u n t i l  the angle of at tack of maximum w i n g  lift had been  reached 
(figs. g(k) and g ( 2 ) ) .  A t  the  highest  angles  of  attack  attained (31.1°), 
the region of trailing-edge  separation had moved forward to  near  the 
leading edge on the  outboard  stations. Peak pressures remain near  the 
leading edge of the highest  angle  of  attack, however, over  the outboard 
stations  but  there w a s  8 complete breakdown of the  pressure diagram over 
the  section a t  2y/b = 0.30. I n  order to   evaluate   the  direct ion of tufts 
i n  terms of the   s ta l l ing   charac te r i s t ics  of  the wing, a line indicating 
the  extent  of-trail ing-edge  separation as indicated  by  approximately  zero 
pressure  gradient i n  the chordwise pressure  distributlon is superposed 
on the stall diagrams of figure 14. 

A t  the high  angles  of  attack, the pressure data do not  indicate 
separated f l o w  inboard of the 0.30b/2 station  although  the tufts appear 
to  indicate  separation on the  basis  of the  preceding  concept. The 
resistance of the  inboard  s ta t ions  to   s ta l l ing can be a t t r ibu ted   to   the  
outward drainage of the boundary-layer air from the inboard sections 
which turns  the tufts pa ra l l e l  t o  the long  axis  of  the wing but  prevents 
separation from occurring. The boundary layer flaws outward along  the 
span of  the wing which r e su l t s  in  a premature  thickened  boundary layer 
and probably  hastens the onset of trailing-edge  separation on the out- 
board  sections. On the   bas i s  of the  results  presented i n  figure 14, it 
would appear t ha t  although. tuft studies are a useful a id   i n   i n t e rp re t ing  
the   s ta l l ing   charac te r i s t ics  of a sveptback wing, a knowledge of the flow 
character is t ics  af the sweptback wing i s  necessary t o  prevent  misinter- 
pretat ion of  tuft motion. 

The i n i t i a l  occurrence of  s t a l l i n g  on the midsemispan s ta t ions  and 
the  spread  outboard and  forward  with an increase i n  angle of a t tack i s  
evident  in  f igure 14. 

Effect of fences.- The e f f ec t  of fences on the -s t a l l i ng  of the wing 
as indicated by the  pressure  dLstributions can  be  seen in figure 9. The 
outward  and  forward spread of the area of separated-flow w a s  delayed t o  
a considerably  higher  angle of  a t tack on the stations  outboard  of  the 
fences.  There w a s  l i t t l e  s ignif icant  change in the  pressure  distribu- 
tion  over  the  stations  located  inboard of the  fences (0 t o  0.30b/2) 
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throughout  the  angle-of-attack  range and over  the  outboard  stations a t  
angles of attack  less  than 11.9'. 

The fences  interfere  with  the outward drainage of the boundary- 
layer  air  delaying  the  build-up of a thickened boundary layer and thereby 
preventing  early  separation from the  re.ar  part o f  the  outboard  sections. 
In addition,  the  sections  outboard of a fence  probably  benefit from the 
spanwise drainage of the  boundary-layer a i r  i n  a manner similar t o   t h a t  
obtained  in  the  root  sections. The build-up of the boundary layer  on the 
inboard  side of a fence  eventually  results  in  stalling  inboard of  the 
fence as indicated by tuft studies (ref. 4) and pressure-dfstribution 
measurements (as  fndicated  for  the wing of ref. 1). The ne t   e f fec t  of 
the  fences on t he   s t ab i l i t y  of the wing, therefore,  appears  to  result 
from a balance of the  forces  result ing from the improved lift character- 
i s t i c s  outboard of the fences and s t a l l i ng  inboard of the  fences. These 
e f fec ts  would appear t o  re la te   the  number and location of fences on the 
wing by which benefits  would be  obtained  (see  ref. 4).  

t 

I 

The values  of  section l i f t  coefficient  obtained on the  inboard 
s ta t ions of the  plain wing and a l l   t h e   s t a t i o n s  on the wing with  fences 
are considerably  higher  than  might  be  expected from adjusting two- 
dimensional maximum-lift character is t ics  by simple sweep concepts. The 
three-dimensional  effects of sweepback which include a large spanwise 
variation in the chordwise locations of the  section  centers of pressure 
a t  a particular  angle of attack.  (see  figs. 13( a)  and 26) make it improb- 
able that any o f  the  sections o f  the wing are  concurrently  acting as two- 
dimensional  sections  except  in  coincidental  instances. A comparfson of 
the  experimental-l if t   characterist ics on a sweptback wing with  those 
estimated from  two-dimensional data i s  presented In reference 9 and indi- 
cates  experimental maximum section lift coefficients  considerably  higher 
than  the  estimated  values  over a large  par t  of the span. The analysis 
presented in reference 9,  however, makes it d i f f i c u l t   t o  account for   the  
benefits  derived from the   ins ta l la t ion  of fences on the wing discussed 
in  the  present  report .  

Loading Characteristics 

The loss i n  l i f t  loading  over  the  tip  sections  of  the  plain wing 
and the  effect  on the  pitching moment above angles of a t tack of 9.g0 
can be seen in   f igures  15( a) and l5(b) .  The attendant  inboard movement 
of the spanwise center of pressure  with  the loss in   t ip   loading i s  indi- 
cated  in  f igure 17. The  low values of pressure  drag  over  the  tip sta- 
t ions up t o  angles o f  at tack  well  beyond the  angle a t  which adverse lift 
and pitching-moment Characteristics  occur and the  rapid  increase of drag 
over  the  inboard  stations i s  indicated in figure 15(c). The large 
improvement in the  loading  distribution a t  angles of attack above 9.g0 
with  the  fences  installed can be  seen in figure 1.6. Figure 17 shows tha t  
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there w a s  very l i t t l e  movement of the  spanwise centers of pressure 
through  the  upper l i f t  range w i t h  the  fences instal led.  The. large 
e f f ec t  of Reynolds number on the  t ip  sections  has a considerable  effect 
on the  loading  distribution at f;he lower angles  (fig. 16). 

Plain wing.- Tn figures 18, 19, and 21 the lift, drag,  and 
pitching-moment character is t ics  of the   p la in  twisted and cambered wing 
as determined from force  and  pressure-distribution measurements are corn- 
pared  with  the  corresponding  results  obtained on the  plane wing (ref. 1). 
The force- tes t   resul ts   ( f ig .  18) show t ha t  i n  the low lift range, the 
l if t-curve  slope and the location of t he  aerodynamic center  (slope of 
pitching-moment curve) w e r e  approximately  the sme f o r  both wings. Th i s  
would be  expected f o r  wings of similar plan form in unseparated  flow i n  
t h i s  lift ranges . Camber and t w i s t  would be expected t o  result merely in 
a change i n  and CQ. At a moderate lift coefficient (approx. 0.30), 
t h e   l i f t  and  pitching-moment  curves  began t o  diverge due to   the  different  
s ta l l ing   charac te r i s t ics  of the two wlngs and showed little s imi la r i ty  
a t  higher lift coefficients.  As pointed  out i n  the  section on s t a l l i n g  
character is t ics  of the twisted  and cambered wing, s t a l l i n g  began over 
the midsemispan of the  wing and spread outward  and  forward; whereas 
s t a l l i n g  began on the  plane wing over  the  rear  part  of the   t ip   sec t ions  
and spread  inboard  and  forward. The section lift curves of figure 19 
indicate   that   the   loss  i n  lift effectiveness  over the outboard  stations 
of the  plane wing began a t  an approximately bo lower  angle of  a t tack  
than  for  the  twisted  and cambered wing. The section l i f t  curves  also 
ind ica te   tha t   the   in f t ia l   s ta l l ing   a f fec ted  a l a rger   par t  of the twisted 
and cambered wing and, when it occurred,  the changes in wing l i f t  and 
pitching-moment curves were accordingly  abrupt in cmaparison with  the 
changes that occurred on the  plane wlng. 

The fo rce   t e s t s  show that caniber and twist r e su l t ed   i n  an increase 
i n  maximum lift from 1.01 for  the  plane wing to  1.30 f o r  the twisted 
and cambered wing a t  angles of a t tack of  20° and 270, respectively. 
The section lift curves  indicate, however, that  although  considerable 
camber w a s  incorporated  into the twisted and cambered wing, t he   s t a l l i ng  
character is t ics  were such tha t   there  w a s  l i t t l e  increase in section maxi- 
mum l i f t  coeff ic ient  on the  outboard  stations  over..that  obtained on the 
plane wing. There  appears to  be no correlation indicated between the 
section maximum l i f t  coefficients and the  maximum l i f t   c o e f f i c i e n t  of 
the wing. From the   e r ra t ic   var ia t ion  of section l i f t  coefficient  over 
the  outboard  stations a t  angles of a t tack above %hat at which the  sec- 
t i o n   i n i t i a l l y  reached a maximum, it appears that it would be  extremely 
d i f f i c u l t  to predict  any maximum-lift character is t ics  of these w i n g s .  
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The  force-test  drag  curves  (fig.  18(b))  indicate  that  incorpo- 
rating  camber  and  twist  into  the  sweptback  wing  increased  the  minimum 
drag  coefficient  appreciably  but  that,  at  the low Mach  number of these 
tests,  the  drag  was  significantly  reduced through the  upper  lift  range. 
Inasmuch  as a wing  of this plan  form  is  designed  primarily  for  high- 
speed  flight,  any  conclusions as to the  effectiveness  of  twist  and 
camber  in  improving  aircraft  performance  must  necessarily  await  tests 
at  high  speed. 

Effect  of  fences.-  The  effect of twist  and  camber  with  fences 
installed on the w i n g  can  be  seen  from a comparison  of  the  force-test 
results  presented  in  figure x). Upper-surface  fences  substantially 
improved  the  stability  characteristics  of  both  the  twisted  and  cambered 
and  the  plane  wings.  Pressure  distributions  indicate  the  improved  sta- 
bility  to  be a result of improved  stalling  characteristics  on  the  out- 
board  stations  of  the  wing  (see  section on stalling  characteristics  and 
ref. 1). In reference 4 it  was shown that  although  the  fences  did no t  
completely  eliminate  the  instability  of  the  twisted  and  cambered  wing 
throughout  the lift range,  satisfactory  stability  could  be  obtained  at 
m a x i m u m  lift w i t h  several  of  the  fence  arrangements  investigated.  None 
of the  fence  arrangements  tested  on  the  plane  wing  (ref. 2) resulted  in 
satisfactory  stability  at maximum lift. It appears,  therefore, tht .. 
fences  in  combination  with  twist  and  camber  may  result  in  substantial 
improvements  in  the  low-speed  stability  characteristics of high-aspect- 
ratio  sweptback  wings  having  trailing-edge-type  separation.  The  effec- 
tiveness of the  twisted  and  cambered  wing  with  fences  installed  is fur- 
ther  indicated in reference 5 where the  effects of a horizontal  tail on 
the  stability  Characteristics of the two wings  are  presented. 

Effect  of  flaps.-  The  lift,  pitching-moment,  and  lift-distribution 
characteristics  of  the  plane  wing  and  the  twisted  and  cambered  wing  wlth 
flaps  and  fences  installed  are  compared i n  figures 21 to 23. Equal 
spans  of-leading-edge  flaps  and  split-type  trailing-edge  flaps  were 
installed  on  both  wings  and  the  fences  were  placed  at  the  same  spanwise 
locations.  The  twist  and  camber  distribution  prevented  identical  flap 
deflections  being  obtained on both  wings;  huwever,  the  differences in 
flap  deflection  are  small  and  additional  geometric  details  of  the  flaps 
and  fences  installed  on  the  plane  wing  are  presented  in  reference 2 and 
on  the  twisted  and  cambered  wing in figure 3. It should  be  pointed  out 
that  the  flap spans and  fence  locations  are  not  necessarily  the  optimum 
for  either  wing. -More detailed  investigations of the  effects  of  flaps 
and  fences on the two wings  are  presented  in  references 2 and 4. 

The  force-test  data  with  flaps  and  fences  installed  (fig. 21) when 
compared  with. the...dEt.ta for  the  wings  without  flaps  or  fences ( f i g .  18) 
indicate  that  the  increment  in lift due  to  the  flaps is slightly  greater 
for  the  flaps  on  the  plane  wing  than for the  flaps on the  twisted  and 
cambered wing. The flaps  and  fences on the  plane  wing  resulted  in  an 

. .  - " - . .  
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increment of maxfmum l i f t   c o e f f i c i e n t  of 0.28 as compared t o  an incre- 
ment of 0.18 on the  twisted and cambered wing. A t  zero angle of  attack, 
the  increments of lift due to the f laps  and fences were 0.41 and 0.37 
f o r  the  plane wing and the  twisted and cambered wing, respectively. 

The section l i f t  data for   the  two wings with  f laps and fences are 
presented  in figure 22. The sect ion  l i f t -curve slopes a r e   l i t t l e  
affected by the twist and camber o r  the  f laps  and fences i n  the lawer 
angle-of-attack  range. The increment of section lift coefficient  over 
the  inboard  stations, which i s  pr incipal ly   affected by the  trailing-edge 
flaps,  is  s l igh t ly   g rea te r  f o r  the flaps on the  twisted and cambered 
wing. On the  outboard  stations, whfch are  primarily  affected by the 
leading-edge  flaps,  there i s  very little increment of lift due to the 
f laps  and fences on the  twisted and cambered wing which may be due to 
the  -@;e amount of  camber incorporated  in this w i n g .  The leading-edge 
flaps-on  the  plane wing produce  a s l i g h t  increment of section lift coef- 
f i c i en t  on the  outboard  stations. The increased  effectiveness of the 
trail ing-edge  f laps and the  decreased  effectiveness of the  leading-edge 
f laps  on the  section l f f t  data on the  twisted and  cimbered wing as com- 
pared to the  effectiveness of  the flaps on the  plane wing can also be 
a t t r i bu ted   pa r t i a l ly  to the differences  in f lap  deflection on the two 
wings. . . .  

The variations i n  s t a b i l i t y  were greater  throughout  the lift range 
with  the  flaps  deflected on the  twisted and camberea  wing ( f ig .  21) . 
I n  the low l i f t  range, the  variation of s t a b i l i t y  on the  twisted and 
cambered  wing may be  a t t r ibuted to s t a l l i n g  f r o m  the lower surface of 
the  leading-edge f l ap  on the  outboald  stations; whereas the   i n s t ab i l i t y  
that occurred at high lift coefficients,  as indicated from f igure 22 
and  unpublished  chordwise  pressure  distributions,  resulted f r o m  flow 
separation  over  the  outboard  sections of  the w i n g .  

A comparison of the  span-load  distributions a t  several  angles of 
at tack f o r  the two wings with  flap8 &d fences is made fn f igure 23. 
The data have been f a i r ed  t o  give integrated values of lift coeff ic ient  
approximately  equal to the  force-test  lift coefficients  obtained a t  the 
same angle of attack  with  the  assistance of tuft studies to indkate the 
s ta l led  areas .  The data have then been  reduced t o  a unit loading  coef- 
f i c i e n t   f o r  comparison. A t  the low angle of  attack there i s  a consid- 
erable  difference  in loading due to the   f laps  and the  twist  and camber. 
The differences in loading  decrease  with  angle of a t tack  and at maximum 
l i f t   t h e  spanwise dis t r ibut ion of  the  loading is almost identical .  
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COMPARISON OF EXPEZDBNTAI, AWD CALCULATED LOADINGS 

Methods  of Solution 

In  reference 10 the  experimental loading on the  plane wing i s  com- 
pared  with  loadings  calculated by several methods o f  solution of loadings 
on sweptback  wings. In figures 24 and 26 the l.oadings  calculated  by  the 
methods of Weissinger (as presented  in  ref.  6) and Multhopp ( r e f .  7) 
including  the  effects of twist and camber are  compared with  the  experi- 
mental  loadings  obtained on the  twisted and cambered w i n g .  The  method 
of identifying  the  solutions set up in  reference 10 w i l l  be used when 
referr ing t o  specific  solutions.  For example, the Multhopp 15 x 2 solu- 
t i o n   r e f e r s   t o  a Multhopp 'solution  having two chordwise control  points 
at each of 15 s ta t ions  dis t r ibuted along the span of  the wing. 

Theoretically, the loading on a twisted and cambered wing may be 
considered t o  be made up of a basic  lobding and an additional  loading. 
The additional  loading  varies  only w i t h  angle of attack and i s  the 
loading  obtained op a wing having no twist. The basic  loading i s  
independent of angle of a t tack and correspond8 to   the  zero- l i f t   loading 
(CL = 0) on a twisted wing and on a wing i n  which the camber varies from 
root to t i p .  The algebraic sum of the  basic  loading and the  additional 
loading is  the  total   loading. A wing  havFng a constant mount  of cam- 
ber and no twist along  the span can be considered as having an addi- 
t i ona l  type of  loading  with a s h i f t   i n  angle of zero l i f t  which may be 
considered t o  be the  slope of the section camber l i ne  at some specified 
chordwise location.  For  the  solutions  having one chordwise control 
point   th is  chordwise location is taken t o  be a t  the 3/4-chord point 
inasmuch as both the Weissinger  solution and the Multhopp solution 
having one chordwise control  point measure the   domash  at the 3/4-chord 
point. For wings having a spanwise variation in cmber  such as the wing 
of this investigation, the variation of  slope of  the camber l i n e  along 
the  3/bchord  l ine can be combined with  the  geometric twist t o  give an 
effect ive twist, distributfon. 

In   the Multhopp 15 x 2 solution,  the chordwise control  points  are 
taken a t  O.gO45c and 0.345%. The slope of the camber l i n e  a t  these 
chordwise points i s  used in  obtaining  the  effective twist on the  twisted 
and cambered wing. " .  

The loadings  calculated by the  Weissinger x 1 solution and the 
Multhopp 15 X 1, 15 X 2, and 23 x I solutions a J- e compazed with  the 
experimental  results  obtained on the twisted and cambered wing and on 
the plane wing in  f igure 24. The experimental data are presented  for 
an angle of attack of 4.7O f o r  both wings and a t  an  angle of attack of 
-0.7' for   the  twisted and cambered wing. A t  an angle of attack of 4.70 
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there is  no indication of  fluw separation on e i ther  wing. A t  an angle 
of attack of  -O.TO, which corresponb t o  the  angle-of  at tack at zero 
l i f t  o f  the w i n g ,  there i s  an indication of flow separation from the 
lower surface of the outermost wing s ta t ions of the  twisted and cam- 
bered wing ( f ig .  s ( ~ ) ) .  This lower surface  separation  causes a change 
in  section  l if t-curve  slope a t  the two outennost  stations  in  the  angle- 
of-attack  range  being  considered in  the calculations (see f ig .  10) . 

Reference 10 has shown tha t   the  Multhopp solutions most accurately 
predict   the shape of the span-loading  curve on the  plane wing. The 
excellent agreement  between  experiment  and calculation by the Multhopp 
solutions may be  seen by the cornparisan w i t h  the  plane wing data pre- 
sented in  figure 24. The three Multhopp solutions (15 x 1, 15 x 2, 
and 23 x 1) gave practically  identical   loadings on the  plane wing at the 
l i f t  coefficient  presented. The inaccuracy of the Weissinger 7 x I solu- 
t ion i n  predicting  the..span  loading on the  plane wing has been shown i n  
reference 10 to result- from the low number of spanwise control  points. 
When the number of spanwise control points w a s  increased  to 15, the  
Weissinger method gave resu l t s  comparable to   those of the Multhopp 
solutions. 

Basic Loading 

The basic  loading due to the spanwise dis t r ibut ion of twist and 
camber calculated  by  the methods having one chordwiae control  point a t  
0 . 7 5 ~  (Weissinger 7 x 1 and Multhopp 15 x 1 and 23 x 1) are in  good 
agreement ( f ig .  24) . The small difference between the Weissinger and 
Multhopp solutions appears t o  result from the  u6e of the  interpolation 
k c t i o n  presented  in  reference 6 f o r  obtaining  additional  values 
between the h o r n  values of  the  Weissinger  solution. 

The use of  two chordwise control  points  al ters-the  basic  loading 
s ignif icant ly  from that obtained by the  use of one chor&ise  control 
point   in   the Multhopp solutions.  This  apparently i s  a result of  the 
addition of a higher-order  sine term in the chordwise loading i n  the 
15 x 2 solution which accounts f o r  the camber of the  section more 
accurately  than  the  lower-order assumed loading of  the solutions havfng 
one chordwise control point (ref. 7).  The net effect of the Multhopp 
15 X 2 solution on the  basic  loading  of  the  twisted and cambered wing 
appears, f r o m  figure 24, to  be  equivalent to a reduction i n  effect ive 
'cwist as compared to  the  solutions  having one chordwise control  point. 

The agreement between the  calculated  basic  loadings and the  experi- 
mental zera-lif t   loading is very good over a major portion of  the  span 
of  the  twisted and cambered  wing, although  near  the  root  stations,  the 
calculated  values f o r  a l l  methods of solution overestimate the loading 
while a t  the 0.96b/2 station  the  calculated loading underestimates  the 
experimental  value. 
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Total  Loading L 

A t  a '  l i f t  coefficient  of 0.34, the combined additional and basic 
loadings result i n  good agreement with the  experimental  data  obtained v 

on the  twisted and cambered  wing. Although the Multhopp solutions show 
somewhat be t t e r  agreement with  experiment  th@n the Weissinger  solution, 
a l l  the  methods s l igh t ly  underestimate the  loading  over  the  inboard 
s ta t ions and overestimate  the  loading  over the outboard  stations. 1 

The effectiveness of the Multhopp methods in  predicting  the  addi- 
tional  loading on both w i n g s  can  be  seen In  figIlre 25. The experimental 
section  lift-curve  slopes are taken through the l i nea r  portion  of  the . 
angle-of-attack  range where no'sepamtion  exists on the  wing. The  good 
agreement  between the  experimental  lift-curve  slopes'for the plane wing 
and the twisted and cambered'wing fur ther   substmtiates   the.  premise on . 
which the calculated methods are  based that additional  loading is  a 
function of plan form and -varies.only  with  angle of attack. 

" 

COMPARISON O F  CALCULATED AND E"EWJ?AL WING COEFFICIENTS 

The values of  the wing lift-curve  slope, aerodynamic-center  loca- t 

tion,  angle of  attack a t  zero l i f t ,  and  pitching-moment coefficient a t  ' 
zero. l i f t   calculated  by  the  var ious methods are tabulated  in  the d 

following table : 

Parameter 

a o J  deg - 
dCm/dCL . . 

Experiment Calculated twisted and 
cambered wing 

I I 

-0 -085 

Twisted and Multhopp Weissinger 
cambered wing 7 x 1 23 x 1 15 x 2 15 x 1 

0.067 

0.116 0.116 0.018 0.119 0.019 
-0.113 -0.082 -0.063 -0.070 -0 -087 
0.20 0.50 -0.79 -0.30 -0.7 

0.0620 0.064 0.066 0.065 

The  Multhopp 15 X - 2  solution  predicts the wing character is t ics  much 
better  than  the  solutions  having one chordwise control  point. The 
values of lift-curve  slope, angle of attack a t  zero l i f t ,  and pitching- 
moment coefficient a t  zero lift calculated by the Multhopp 15 X 2 method 
are a l l  in very good agreement with the experimental  results. The angle 
of a t tack a t  zero lift and the pitching-moment coefficient a t  zero lift 
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* in  particular  are  predicted  considerably  closer  by  the  Multhopp 
15 x 2 solution.  The  agreement of the  Multhopp 15 x 2 solution with 
experiment  cas  be  attributed to the  use of two chordwise  control pohts 
which  accounts  for the cimber of the  sections  much  more  accurately  than 
the  solutions  having  one  chordwise  control poFnt. The  angle of attack 
at zero lift and the  pitching-moment  coefficient  at  zero l i f t  of an 
airfoil  section  are  both  determined  by  cauber. 

.r 

The  pitching-moment  coefficients at zero  lift  computed by the 
methods  having  one  chordwise  control point vary appreciably  from the 
experimental  results.  The  experimental data in  figure 13 show the see- 

chord  point. Good agreement  was  obtained  between  the  experimental  wing 
coefficients  and s t h e  values  calculated  by  the  Multhopp 15 X 2 solution 

' tion  centers of pressure to be  considerably  behind  the  local  quarter- 

(fig. 26) . 
CONCLUDING REMARICS 

The following remarks  may  be  made  in conclusim of an investi- 
gation t o  determine  the  low-speed longi tudinal  stability characteris- 
tics of a 45O sweptback w i n g  of aspect  ratio 8 havi-ng twist and cam- 

, bered  airfoil  sections: 

1. A comparison of the  twisted  and  cambered  wing  with  the  plane 
. wing  indicates  that.  camber and twist  improved  the  Stability  character- 

istics  in the 1st-coefficient +e from o .23 to 0.7. 
2. Twist  and  camber  increased  the maximum lfft  coefficient  from 

1.01 to 1.30 at  angles of attack of approximately 20' and 2?, 
respectively. 

3. Upper-surface  fences  substantially  improved-  the  stability  char- 
acteristics of both  wings by improving  the  stalling  characteristics of 
the  outboard  sections of the  wing.  The  twisted  and  cambered  wing  in 
conjunction  with  the  fences,  however, had considerably  better  stability 
characteristics  at maxim= lift. 

4. Twist  and  camber  resulted in initial  stalling  occurring  in  the 
form of trailing-edge  separation on the  midsemispan  sections  of  the 
w i n g  at a lift  coefficient  of  approximately 0.7. The  area of stalled 
flow spread  outward  and  forward  wfth  further  increase in lift 
coefficient . 

5. S*ilar spans of leading-edge and trailing-edge  flaps  and  fence 
c locations  resulted  in  less  desirable  stability  characteristics on the 

twisted  and cambexd wing  than on the  plane  wing.  The  optimum  span of 
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leading- and trailing-edge  flaps, however, were not  established  during 
the  course of the  investigation. 

6. The loadings  calculated  by  the Multhopp solutions  having 15 
o r  23 spanwise control  points are i n  good agreement with  the  experi- 
mental resu l t s  where no separation  exists on the w i n g .  

7. Leading-edge  roughness  had an adverse effect on the l i f t i n g  
characterist ics of the  outboard  sections of the  twisted and cambered 
wing which resulted i n  a lower wing lift-curve  slope above a l i f t  
coefficient of appruximately 0.3 and large  variations i n  s t a b l l i t y  
throughout tbe l i f t  range. 

a 

V 

Langley Aeronautical  Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field, Va. 
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IC 



26 - NACA RM L52J03a 
TABLE 111.- VALUES OF BXFERIlBNTAL PRESSURE COEFFICIENT 

FOR TFB Ti'fISm AaD CAlleERBD WINO 
Wnoorreotod f o r  basic  loading due to  spfmriee varlat ion of tunnel atream angle; R = 4.0 x 106 
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TABLE 111 F VALUES. OF EXPERIMFNTAL PRESSURE COEFPICIEPlT FOR "HE 
TNISWD A N D  CAMBERED WIRO - Continued. 

Uhcorrsotsd f o r  basic l oad ing  due to apenaise variat ion of t u n n e l  atream angle; R = 4.0 x 106 
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Orlfiae 
locat ion Presaure coaff ia iant ,  S 
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TABU 111.- VALUE3 OF -L PRPSSW COBPFICIERT WR THK 
T W I S T E D  MB W G  - Continued 

Vncorreeted f o r   b s l c  loadlng due t o  spanwise v a r I n t t o n  of tunnel  s t r e a m  angle:  R = 4.0 X lo6 
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premaurea maaured with a k t i c  tube. 
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TARLB 111.- VALUES OF EXWRIHENTAL PRESSURE COEFFICLRKT FOR IRE 
TWISTED AND C A M B R E D  WING - Continued. 

Wcorreotad f o r  basic loading due t o  apanulee variatlon of tunnel stream angle; R = h.0 x 106 
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loaation Pressure coefflclent, S 
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TABLE 111.- VALUES OF EXPeRIMlTAL PRESSURE COEFPICIEKT FOR THE 
TnTSTED AND CAP- WINO - Concluded. 

Vmorreoted for baslc loading due t o  apanwfse variation of tunnel streaa  angle; R = 4.0 X lo6 
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Orifice 
spanwise sfaiion 

M.A.C., f6.672 

Station A -A (edargedj 

Typicof oirfoif section  and chordwise orifice fOCdion 

Figure 1.- Geometric details of model. Aspect r a t i o ,  8.02; taper r a t io ,  0.45; 
a i r f o i l  section, NACA 63 Ac L2; w i n g  area, 14.02 square  feet. (Dimensions 

are in inches.) c defined i n  ffgure 2. 
I 21 - 

2 i  " 
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Figure 2.- Spanwise variation of wing geometric twist and desi@;n section 
l i f t  coefficient. 
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Figure 4.- Model in tunnel for  presmre-distribution t e s t s  (front view). 
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Typica/ fence on wing with  flaps 

Horizonfa/ p/ane  formed by roof 

fa) Fence insia/faiion withoui flops. 

chord /ine and 80 -perce;t-chord/ine 

Ce//u/ose tape 

"- 
wooden block 

Section A -A lenlargedl 
7j@ca/ section wifh leading-edge flaps 

Section 6-5 fenhrged) 

Typico/ section wiih sp/it f/ops 

lb/ Fence and flap insta1lotion. 

Figure 5.- Details of flaps and fences. (Dimensions are in inches.) 



42 

.04 

E 

0 .2 e 4  .6 .8 1.0 
2Y/b 

Figure 6.- Spanwise air-stream angle-of-attack  variation and basic  loading 
due t o  air-stream variation. 
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(a) Lf f t .  

Figure 7.- Effect of Reynolds number on the lift, drag, and pitching- 
nmmt characteristics o f  $he twisted and cambered a. 
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Figure 8. - Concluded. 
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(a) a = -3.5'. 
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Figure 18.- Effect of t v i a t  and camber on the lift, drag, and pitching- 
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Figure 2L.- Effect o f  t w i s t  and camber on the lift and pltchlng-moment 
characteristics o f  a 45' eweptback wing o f  aspect ratio 8 with 
leadingedge and trsFllngsdge flaps and upper-surface  fencee. 
R = 4.0 X lo6. 
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